Phosphoinositides play pivotal roles in the regulation of cancer cell phenotypes. Among them, phosphatidylinositol 3,4-bisphosphate (PI(3,4)P 2 ) localizes to the invadopodia, and positively regulates tumor cell invasion. In this study, we examined the effect of PI(3,4)P 2 on focal adhesion dynamics in MDA-MB-231 basal breast cancer cells. Knockdown of SHIP2, a phosphatidylinositol 3,4,5-trisphosphatase (PIP 3 ) 5-phosphatase that generates PI(3,4)P 2 , in MDA-MB-231 breast cancer cells, induced the development of focal adhesions and cell spreading, leading to the suppression of invasion. In contrast, knockdown of PTEN, a 3-phosphatase that de-phosphorylates PIP 3 and PI(3,4)P 2 , induced cell shrinkage and increased cell invasion. Interestingly, additional knockdown of SHIP2 rescued these phenotypes. Overexpression of the TAPP1 PH domain, which binds to PI (3,4)P 2 , and knockdown of Lpd, a downstream effector of PI(3,4)P 2 , resulted in similar phenotypes to those induced by SHIP2 knockdown. Taken together, our results suggest that inhibition of PI(3,4)P 2 generation and/or downstream signaling could be useful for inhibiting breast cancer metastasis.
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B
reast cancer metastasis is one of the major causes of cancer-related mortality in women worldwide. Metastasis is a multistep process: after cell spreading, cancer cells form lamellipodia and migrate through the assembly of branched F-actin networks. This cytoskeletal rearrangement is mediated by actin-regulatory proteins including Rac1, WAVEs, and Mena/ Ena/VASP proteins. Mena is frequently upregulated in breast cancer cells and promotes cell invasion. Lamellipodin (Lpd, also referred to as Raph1) localizes to lamellipodia and recruits Mena/Ena/VASP to membrane protrusions. (1) Lpd was shown to regulate random motility in breast cancer cells and is required for lamellipodia formation. (2, 3) PI3-kinase (PI3K) signaling has critical roles in cell proliferation, survival, and motility. PIP 3 , generated from PI(4,5)P 2 through PI3K activity, is an important secondary messenger involved in the activation of Akt. A high proportion of breast cancer cells acquire the ability to activate and sustain PI3K/ Akt signaling, which contributes to therapeutic resistance. More than 70% of breast cancers have alterations in at least one component of the PI3K/Akt pathway, including PIK3CA, PTEN, and Akt. (4) (5) (6) Among them, PIK3CA, the gene that encodes the catalytic subunit of Class 1 PI3K, is mutated and activated in breast cancers. (7, 8) These mutations, most frequently observed in estrogen and/or progesterone receptorpositive and HER2-positive breast tumors, but rarely identified in triple-negative tumors, (9) lead to the activation of PI3K/Akt signaling, resulting in the initiation of breast cancer. PTEN, a tumor suppressor that hydrolyzes PIP 3 to PI (4,5)P 2 suppresses PI3K/Akt signaling. (10, 11) Although PTEN mutations are less frequent, loss of heterozygosity at the PTEN locus frequently occurs in breast cancer. (9, 12) PTEN loss is observed in 30-40% of sporadic cases of breast cancer that are associated with hyperactivation of PI3K/Akt signaling, and results in the accumulation of PIP 3 (13,14) and tumor progression. (15, 16) In addition, the phosphoinositide 4-phosphatase, INPP4B, which hydrolyzes PI(3,4)P 2 to PI(3)P, inhibits PI3K/Akt signaling, and was identified as a tumor suppressor in breast cancer. (17, 18) In 84% of basal-like breast cancers, loss of INPP4B expression occurs (17) and INPP4B loss-of-heterogeneity frequently occurs in BRCA1-mutant and triplenegative basal-like breast cancers. (18) INPP4B knockdown was shown to induce Akt activation and anchorage-independent growth. (18) In addition, loss of heterogeneity at the INPP4B locus was found in the majority of estrogen receptor-negative basal-like breast cancers. (17) Recent studies identified that a number of phosphoinositide 5-phosphatases that hydrolyze PIP 3 to PI(3,4)P 2 , such as SHIP, SKIP, and PIPP, were also found to act as PI3K/Akt signal terminators. The expression of SKIP (also referred to as INPP5K) can be altered in brain cancers. (19) (20) (21) In PTEN-null glioblastoma cells, SKIP overexpression inhibits cell migration through regulation of the actin cytoskeleton. (22) PIPP (INPP5J) is frequently inactivated in triple-negative breast cancers, and functions as a tumor suppressor. (23) Its inactivation promotes tumor growth and suppresses metastasis. (23) The SH2 domaincontaining inositol 5-phosphatase SHIP2, also referred to as INPPL1, which dephosphorylates PIP 3 and PI(4,5)P 2 to generate PI(3,4)P 2 and PI(4)P, respectively, has a negative effect on PI3K/Akt signaling. (24, 25) SHIP2 knockout mice show mild insulin hypersensitivity and resistance to high fat diet-induced obesity. (26) This protein is overexpressed in human breast cancers, and correlates with shorter survival. (27) SHIP2 localizes to the focal contacts and lamellipodia, (27, 28) and it inhibits cell migration in PTEN-null 1321 N1 glioblastoma cells through de-phosphorylation of PI(4,5)P 2. (29, 30) In contrast, a number of studies have suggested that SHIP2 is often amplified in human cancer cells, (31) (32) (33) whereas the tumor suppressors PTEN and INPP4B are often mutated or deleted, which leads to sustained activation of PIP 3 -dependent Akt signaling in these cells. However, it is not clear how amplification of SHIP2 is involved in the malignancy of cancer cells, though this event is expected to lead to decreased PIP 3 levels.
Increasing evidence suggests that PI(3,4)P 2 , which is generated from PIP 3 , not only induces the activation of Akt, but can act independently to regulate processes such as of membrane ruffle formation, (34) podosome formation, (27) lamellipodia formation, (1) and lamellipodia maturation. (35) Recent study showed that PI(3,4)P 2 depletion impairs motility during B cell chemotaxis, and that Lpd, whose PH domain specifically binds to PI(3,4)P 2 , co-localizes with PI(3,4)P 2 to mediate directional migration. (36) Thus, PI(3,4)P 2 is an important signaling molecule that is involved in regulating cytoskeletal rearrangements at the plasma membrane. (37) Other studies have demonstrated the role of Lpd in the actin cytoskeletal network. Lpd and Ena/VASP were found to interact with the WAVE regulatory complex, (3, 38) membrane-bound Lpd directly binds to filamentous actin and recruits Ena/VASP, and WAVE activities the lamellipodial actin network. (39) Focal adhesions (FAs) are macromolecular assemblies that sense extracellular stimuli and signaling complexes that play central roles in cell migration. (40) Upon mechanical tension, some grow into larger and stable FAs and recruit various proteins including zyxin (ZYX) through a process known as FA maturation to modulate integrin signaling for cell migration. (41) Lpd and several focal adhesion proteins, including focal adhesion kinase (FAK), the adapter proteins p130Cas (Cas), and paxillin (PAX), play a role in transducing ECM stiffness into intracellular stiffness. (42) The information encoded by ECM stiffness is transduced into intracellular stiffness by integrins, the transmembrane adhesion receptors for ECM proteins, focal adhesion proteins, and the actin cytoskeleton. Vinculin, a focal adhesion protein that binds to PI(4,5)P 2 , has been implicated in the stiffness-sensing event. (43) However, it is still unclear whether PI(3,4)P 2 and its effector protein Lpd regulate focal adhesion dynamics and migration in breast cancer cells.
We hypothesized that PI(3,4)P 2 has a pivotal role in focal adhesion dynamics and lamellipodia formation, leading to increased motility and invasion in cancer cells. In this study, we examined the effect of SHIP2 and/or PTEN knockdown on the dynamic regulation of focal adhesion formation and the invasion of PTEN-positive and INPP4B-null MDA-MB-231 basal breast cancer cells, and found that knockdown of SHIP2 decreased PI(3,4)P 2 levels, which in turn induced the development of FA and the suppression of invasion. Our results indicate that the PI(3,4)P 2 -Lpd dependent pathway, but not the PI (4,5)P 2 -FAK signaling pathway, controls focal adhesion dynamics in breast cancer cells. Cell culture. The human breast cancer MDA-MB-231 cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Wako, Osaka, Japan) supplemented with 10% fetal bovine serum (FBS), 4 mM L-glutamine, streptomycin, and penicillin.
Plasmids and transfection. Full-length human SHIP2 cDNA were obtained by reverse transcription (RT)-polymerase chain reaction (PCR) using total RNA isolated from MDA-MB-231 cells as a template. cDNA was cloned into pEGFP-C1 vector (Takara bio, Otsu, Japan). Furthermore, cDNA encoding TAPP1 PH, FAPP1 PH, PLCd1 PH, and Grp1 PH were isolated as described previously. (44) RNA interference (RNAi). The following stealth siRNA species (Life Technologies) targeting human SHIP2, PTEN, and Lpd were used for RNAi experiments. The targeted sequences of the Stealth siRNA species used in this study are as follows: control, Stealth RNAi siRNA negative control med GC (Catalog No. 12935-300), SHIP2 #1,
0 , and Lpd #2, 5 0 -GCAAAGUAUGGGAAGCAGCU CUAUA-3 0 . siRNA was transfected into MDA-MB-231 cells using Lipofectamine RNAiMAX reagent (Life Technologies) according to the manufacturer's protocol.
Immunofluorescence microscopy. Cells were transfected with plasmids or siRNA for 24-48 h and then re-plated on fibronectin (FN)-coated coverslips. Cells were cultured for 24 h, and then fixed with 4% paraformaldehyde for 10 min at room temperature, which was followed by permeabilization with phosphate-buffered saline (PBS) containing 0.2% Triton X-100 for 5 min. Coverslips were washed twice with PBS and then incubated with primary antibody for 1 h at room temperature. Alexa Fluor 568-conjugated anti-rabbit IgG or anti-mouse antibodies (Life Technologies) were used as secondary antibodies. The coverslips were mounted with PermaFluor Aqueous Mounting Medium (Thermo Scientific, Waltham, MA, USA) and analyzed using a FluoView 1000-D confocal microscope (Olympus, Tokyo, Japan).
Western blotting. MDA-MB-231 cells cultured in FN-coated dishes were lysed with Laemmli sample buffer, briefly sonicated, and boiled at 95°C for 5 min. Western blotting was performed by standard procedures with detection using alkaline phosphatase-conjugated secondary antibodies (Promega, Madison, MI, USA).
Quantification of focal adhesions and cell area. The number of focal adhesions was calculated as follows. Cells were immunostained with anti-PAX or anti-VCL antibody. The number of PAX-or VCL-positive plaques per cell was counted using ImageJ software (National Institute of Health, Bethesda, MD, USA). Eighty cells were analyzed for each experiment. For the quantification of cell area, cells were immunostained with rhodamine-or Alexa Fluor 647-conjugated phalloidin and were imaged by confocal microscopy. Eighty cells were used to quantify cell area.
Matrigel invasion assay. The invasion assay was performed as previously described. MDA-MB-231 cells were seeded in the upper compartment of a BD Biocoat Matrigel Invasion Chamber (BD Biosciences) and incubated with DMEM containing 10% FBS in the lower well and serum-deprived medium in the top chamber. After 22 h, the cells were fixed with 3.7% formaldehyde in PBS for 30 min. Cells were washed with PBS and cells on the undersurface of the filter were observed by confocal microscopy.
Statistical analysis. For multiple comparisons, P-values were generated by one-way analysis of variance using the StudentNewman-Keuls multiple comparison tests. For two group analysis, P-values were calculated by Student's t-test.
Quantification of phosphoinositides. Plasma membrane phosphoinositides were quantified as follows. To measure PI(3,4) P 2 , PI(4,5)P 2 , and PIP 3 levels, the laser intensity of EGFP-TAPP1 PH, -PLCd1 PH, and -GRP1 PH, respectively, were analyzed using the Trainable Weka Segmentation plugin with Image J software.
Results
SHIP2 knockdown increases the number of focal adhesions and cell area. Focal adhesions that connect the actin cytoskeleton with the extracellular matrix and focal adhesion-associated proteins such as Akt, FAK, and PAX, regulate cell invasion, metastasis, and migration. (45) (46) (47) These proteins are localized to focal adhesions and are phosphorylated upon focal adhesion development. (47) (48) (49) We examined the effect of SHIP2 silencing in MDA-MB-231 breast cancer cells on the expression and activation of Akt, FAK, and PAX. SHIP2 knockdown increased the phosphorylation of PAX at Tyr-118, which is involved in mature focal adhesion formation (Fig. 1a) , without affecting phosphorylation of FAK at Tyr-397, and Akt at Ser-473. Since Akt phosphorylation is dependent on PIP 3 , these results imply that SHIP2 knockdown increases PIP 3 levels by a very small amount. Next, the effect of SHIP2 knockdown on focal adhesion formation was examined. MDA-MB-231 cells exhibited an elongated shape with polarized membranes, reflecting a highly invasive phenotype. The number of VCLand ZYX-positive focal adhesions increased after SHIP2 knockdown (Fig. 1b,c) . In these cells, stress fibers formed and the cell area also increased (Fig. 1b,d ).
SHIP2 alters PI(3,4)P 2 at focal contacts. To examine whether SHIP2 hydrolyzes PIP 3 at focal contacts, GFP-SHIP2 was expressed in MDA-MB-231 cells. This protein was localized to the lamellipodia and VCL-positive focal contacts (Fig. 2a) . Since focal contacts and lamellipodia are formed during the initial stages of cell spreading before the development of focal adhesions, these results imply a role of SHIP2 in the assembly and/or disassembly of focal contacts. Next, the localization of PIP 3 and PI(3,4)P 2 were observed using GFP-GRP1 PH and GFP-TAPP1 PH, which specifically bind to PIP 3 and PI(3,4) P 2 , respectively. (50) PIP 3 was predominantly localized to the lamellipodia and focal contacts at the front of cells in both control-and SHIP2 siRNA-transfected cells (Fig. 2b) . In addition, PI(3,4)P 2 was localized to the lamellipodia and partially to VCL-positive focal contacts. In SHIP2 knockdown cells, VCL-positive focal contacts were observed and PI(3,4)P 2 localization was no longer observed (Fig. 2b) . Because SHIP2 also controls PI(4,5)P 2 and PI(4)P at the plasma membrane in 1321 N1 glioblastoma cells, (30) the effect of SHIP2 knockdown on these phosphoinositides at the plasma membrane was examined. Representative images of GFP-FAPP1 PH and GFPPLCd1 PH, which bind to PI(4)P and PI(4,5)P 2 , are shown. Localization of these phosphoinositides at the PM was not changed by SHIP2 depletion in MDA-MB-231 cells (Fig. 2c) . To examine the effect of PIP 3 generation on focal adhesion formation, MDA-MB-231 cells were treated with PI3-kinase inhibitors including wortmannin and LY294002. These compounds completely inhibited PIP 3 -dependent Akt phosphorylation, showing complete abolishment of PIP 3 generation (Fig. 3a) . These inhibitors increased PAX phosphorylation (Fig. 3a) and increased focal adhesions number and cell areas ( Fig. 3b-d) . To clarify whether PI(3,4)P 2 contributes to these changes, the effect of PI3-kinase inhibitors on relative amount of PI(3,4)P 2 and PI(4,5)P 2 levels at the PM were examined. Fluorescence intensity of EGFP-TAPP1 PH domain that binds to PI(3,4)P 2 , has been measured to quantify PI(3,4) P 2 levels at the plasma membrane. We found that PM PI(3,4) P 2 levels were decreased, whereas the fluorescence intensity of EGFP-PLCd1 PH that binds to PI(4,5)P 2 was not altered by these inhibitors (Fig. 3e,f) . These results suggest that the generation of PI(3,4)P 2 by SHIP2 promotes the formation of lamellipodia and suppresses the development of focal adhesions, whereas PIP 3 and PI(4,5)P 2 are unlikely to play any role in these processes.
Differential effect of PTEN and SHIP2 knockdown on focal adhesion development and cell invasion. PTEN is a 3-phosphatase of PIP 3 and PI(3,4)P 2 , which catalyzes the production of PI(3,4)P 2 and PI(4)P, respectively. We compared the effect of SHIP2 and PTEN knockdown on focal adhesions in MDA-MB-231 cells. SHIP2 knockdown did not alter Akt phosphorylation, whereas PTEN knockdown increased the levels of phosphorylated Akt (Fig. 4a) . SHIP2 knockdown increased phosphorylated PAX, which was not increased by PTEN knockdown (Fig. 4a) . PTEN silencing induced aberrant membrane ruffle formation and decreased cell area (Fig. 4b-d) . Interestingly, the combination with SHIP2 knockdown suppressed these phenotypes (Fig. 4b-d ). Compared to that in control cells, the fluorescence intensity of EGFP-TAPP1 PH was decreased by 60% in SHIP2-depleted cells, increased by 10% in PTEN-depleted cells, and decreased by 50% upon combined depletion of SHIP2 and PTEN (Fig. 4e) . Fluorescence intensity of the EGFP-PLCd1 PH was increased by 20% in SHIP2-depleted cells, and was not changed in PTEN- depleted cells (Fig. 4f) . Fluorescence intensities of EGFP-FAPP1 PH were not changed in SHIP2-or PTEN-depleted cells (Fig. 4g) . These results suggest that PI(3,4)P 2 might play an important role in membrane ruffle and lamellipodia formation in MDA-MB-231 cells. Next, the effect of SHIP2 and/or PTEN knockdown on cell invasion in Matrigel was examined. SHIP2 silencing decreased the number of invasive cells, whereas PTEN-silencing increased this parameter (Fig. 5a,b) . Interestingly, combined knockdown of SHIP2 and PTEN suppressed the invasion of MDA-MB-231 cells (Fig. 5a,b) .
Lpd knockdown increases focal adhesion development. Lpd has a PH domain, which binds to PI(3,4)P 2 , and plays a crucial role in membrane ruffle and lamellipodia formation through sequential activation of the Rac-WAVE pathway. (3, 51) We thus examined changes in the formation of focal adhesions and lamellipodia after Lpd knockdown. Lpd knockdown slightly increased phospho-PAX (Fig. 6a) , induced focal adhesion formation and cell spreading (Fig. 6b-d) , and inhibited cell invasion in Matrigel (Fig. 6e,f) . These results are very similar to those of SHIP2 knockdown, and suggest that the inhibition of the PI(3,4)P 2 -dependent Lpd-Rac-WAVE signaling pathway causes a shift from membrane ruffling and lamellipodia formation to focal adhesion development.
PI(3,4)P 2 is required for lamellipodia formation. We hypothesized that overexpression of TAPP1 PH, which binds to PI (3,4)P 2 , would efficiently suppress Lpd activation leading to lamellipodia formation. To clarify the importance of PI(3,4)P 2 in focal adhesion formation and cell spreading, we examined the effect of TAPP1 PH domain overexpression on these events. GFP-TAPP1 PH overexpression induced focal adhesion formation and cell spreading. However, the expression of GFP-GRP1 PH did not affect these parameters (Fig. 7a-c) . These results show that PI(3,4)P 2 generation promotes cell membrane ruffling and lamellipodia formation, leading to cell invasion, whereas suppression of PI(3,4)P 2 production results in focal adhesion and stress fiber formation, leading to cell spreading and increased cell area.
Discussion
Alteration of PI3KCA, PTEN, PIP 3 5-phosphatases, and INPP4B are common events in breast cancer, (5, 6) suggesting the importance of phosphoinositides in tumorigenesis. In this study, we revealed that PI(3,4)P 2 , rather than PIP 3 , is important for lamellipodia formation in human cancer cells, which leads to cell motility and invasion. In basal-breast cancer cell lines, and specifically MDA-MB-231 cells, which lack INPP4B, intracellular PIP 3 and PI(3,4)P 2 amounts are under the control of PTEN and PIP 3 phosphatases including SHIP2. SHIP2 expression is elevated in breast cancer cells promoting cell migration and tumor metastasis. The function of SHIP2 in glioblastoma cell migration has been previously evaluated. (30) SHIP2-depletion potentiated migration in PTEN-null 1321 N1 glioblastoma cells, whereas it reduced migration in PTEN- To detect PI(3,4)P 2 , GFP-TAPP1 PH, was expressed in these cells. The representative images were shown and enlarged images of the boxed areas are indicated in the lower panels. Cells were stained with an anti-vinculin antibody. Actin was visualized with Alexa Fluor 647-conjugated-phalloidin. Scale bar = 20 lm. Data represent the mean AE SD. n, no. analyzed cells pooled from six independent experiments. **P < 0.01, ***P < 0.001 (Student-Newman-Keuls multiple comparison tests). (f,g) Quantification of the relative amounts of PI(4,5)P 2 (f) and PI(4)P (g) at the PM in MDA-MB-231 cells transfected with PTEN siRNA and/or SHIP2 siRNA. For the detection of PI(4,5)P 2 and PI(4)P, GFP-PLCd1-PH or GFP-FAPP1 PH was expressed in these cells. Data represent the mean AE SD. n, no. analyzed cells pooled from three independent experiments. *P < 0.05 (Student-Newman-Keuls multiple comparison tests), n.s.: not significant.
containing LN229 cells. (30) These results are not consistent because SHIP2 functions as an oncogene. However, it also functions as a tumor suppressor in different cancer cells, which might be explained by different functions of PIP 3 and PI(3,4) P 2 in cancer cells. Therefore, it was suggested that the effect of SHIP2 on cell migration is dependent on cell types and is affected by PTEN status. Here, we show that in MDA-MB-231 breast cancer cells, SHIP2-depletion increased focal adhesion formation and cell area regardless of PTEN expression levels (Figs 4b-d) , suggesting that PI(3,4)P 2 generated by SHIP2 acts on focal adhesion dynamics and cell invasion. Akt phosphorylation was not markedly increased by SHIP2 knockdown in contrast to PTEN knockdown, indicating that PIP 3 levels were not significantly affected by SHIP2. In contrast, knockdown of PTEN enhanced Akt phosphorylation markedly with slight increases in cell adhesion formation and cell invasion. These results suggest that PTEN knockdown increases PIP 3 , and slightly increases PI(3,4)P 2 levels, in these cells. Treatment of PI 3-kinase inhibitors decreased PIP 3 and PI(3,4) P 2 generation, which in turn resulted in an increased number of focal adhesions and cell area. Taken together, PIP 3 and PI (3,4)P 2 have distinct roles in basal breast cancer phenotypes (Fig. 8) . In MDA-MB-231 cells, which have high PTEN expression, (52) PTEN predominantly regulates PIP 3 levels, and is related to PI3-kinase signaling. In contrast, SHIP2 plays a role in the generation of PI(3,4)P 2 , which in turn leads to Lpd signaling and lamellipodia formation. The control effect of SHIP2 on cell migration varies widely in different cell types. Although the reason for the differences between cells is not understood, differences in the status of other phosphoinositide phosphatases including INPP4B can affect the amounts of phosphoinositides including PIP 3 , PI(3,4)P 2 , and PI(4,5)P 2 and determine the function of SHIP2 in invasive phenotypes of cancer cells.
Among these phosphoinositides, PI(4,5)P 2 increases FAK phosphorylation and facilitates directional cell migration through interaction with its effector IQ Motif Containing GTPase Activating Protein 1 (IQGAP1). (53) In 1321 N1 glioblastoma cells, SHIP2 depletion increased PI(4,5)P 2 levels by two-fold and facilitated FAK phosphorylation. In MDA-MB-231 cells, SHIP2 depletion increased the amount of PI (4,5)P 2 by only 20%; and we could not detect an increase in FAK phosphorylation. These results suggest that SHIP2 does not affect PI(4,5)P 2 -dependent regulation of cell migration and invasion in MDA-MB-231 cells. Lpd was shown to be required for metastasis in an orthotopic breast cancer mouse model, and increased Lpd expression suppressed metastasis-free survival in breast cancer patients. (51) These data suggest that the inhibition of Lpd-Rac-WAVE pathway causes a shift from membrane ruffling and lamellipodia formation to focal adhesion development. Although underlying mechanisms of how PI(3,4) P 2 and its downstream effectors mediate PAX phosphorylation remain to be solved, increase in PAX phosphorylation by SHIP2 and Lpd knockdown is likely to induce development of focal adhesion and enlargement of breast cancer cell. Thus, it is possible that SHIP2 enhances the formation of PI(3,4)P 2 , which in turn activates Lpd, leading to increased cell invasion and metastasis.
